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Relation of glomerular injury to preglomerular resistance in
experimental hypertension
JEAN L. OLSON, STEPHEN K. WILsoN, and ROBERT H. HEPTINSTALL
Department of Pathology, The Johns Hopkins University School of Medicine, Baltimore, Maryland, USA
Relation of glomerular injury to preglomerular resistance in experi-
mental hypertension. A semiquantitative glomerular damage index
(GD!) was determined for overall (0), superficial (S), and juxtame-
dullary (JM) glomeruli in four models of experimental hypertension in
the rat to assess the severity and distribution of injury in light of present
day knowledge of glomerular hemodynamics. After a four week period
of similar hypertension, comparison of Group 1 (renal ablation) with
Group 2 (aortic ligature) revealed OGDIs of 0.420 0.064 (5EM) vs.
0.062 0.019, P < 0.0001, SGDIs of 0.250 0.071 vs. 0.035 0.007,
P < 0.0089, and JGDIs of 0.455 0.071 vs. 0.155 0.036, P < 0.002.
Within Group 1 the SGDI and JMGDI were not significantly different
but within Group 2 the SGDI was less (P < 0.005) than the JMGDI.
Arterial/arteriolar damage was comparable in both groups. After an
eight week period of similar hypertension, comparison of Group 3
(deoxycorticosterone—saline) with Group 4 (stroke—prone spontane-
ously hypertensive rats) showed OGDIs of 0.301 0.065 vs. 0.128
0.023, P < 0.025, SGDIs of 0.289 0.096 vs. 0.072 0.015, P <0.044,
and JMGDIs of 0.394 0.083 vs. 0.307 0.062, NS. Within Group 3
the SGDI and JMGDI were not significantly different, but within Group
4 the SGDI was less (P < 0.002) than the JMGDI. Vascular damage in
the two groups was comparable. Taking into account known physio-
logic data, the findings are consistent with the idea that increased
preglomerular resistance is protective of glomeruli, whereas decreased
resistance with increased pressure andlor flow is injurious. The greater
vulnerability of the JM glomeruli in Groups 2 and 4 suggests some
breakdown in control of glomerular hemodynamics.
Although it is recognized that glomeruli undergo damage
when exposed to high blood pressure, there is little information
on the pathogenetic mechanisms involved. The importance of
altered hemodynamics in producing glomerular injury was clear
from the original experiments of Wilson and Byrom [11 in rats
made hypertensive by the application of a silver clip to one
renal artery, with the opposite renal artery and its kidney left
untouched (2K1C model). It was found that glomerular damage
was restricted to the unclipped kidney, that is, the one exposed
to high blood pressure. Studies on the rat in which large
amounts of renal mass were removed further revealed the
importance of altered hemodynamics in the causation of
glomerular injury, and a pathogenic role was attributed to
glomerular hyperperfusion and/or hyperfiltration [2—51.
Since information is now available on the hemodynamics at
the glomerular level in various models of experimental hyper-
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tension in the rat, we decided to assess the severity and
distribution of glomerular damage in certain of these models
with differing hemodynamic patterns. Specifically, the purpose
was to test the idea that glomeruli exposed to increased
pressure and/or flow suffer greater damage than glomeruli
protected by arteriolar constriction proximal to the glomerulus.
The four models chosen were as follows: 1) Renal ablation, in
which the renal mass is reduced by /6; 2) Aortic ligature, a
modification of the 2K1C model referred to earlier, in which the
abdominal aorta was ligated between the origin of the two renal
arteries; 3) Deoxycorticosterone (DOC)—saline hypertension, in
which the abdominal aorta was ligated between the origin of the
two renal arteries; and 4) The stroke—prone rat, which is a
derivative of the Okamoto—Aoki spontaneously hypertensive
rat (SHR). As described in the Discussion, afferent arteriolar
resistance is decreased in model 1, and decreased or little
altered in model 3. In contrast, resistance is increased in both
models 2 and 4.
In view of the less predictable rate at which elevation of
blood pressure occurred in models 3 and 4, compared with
models 1 and 2, it proved impossible to obtain comparable
periods of hypertension for all four. Accordingly, a four week
period of hypertension was allowed for models 1 and 2, whereas
an eight week period was allowed for models 3 and 4. Compar-
isons of glomerular and vascular damage were therefore made
between models 1 and 2 and between 3 and 4.
Methods
Thirty—two male rats were used and were divided into four
groups of eight each depending on the method used to produce
hypertension. For Group 1 (renal ablation model), eight male
Holtzman rats (Holtzman Company, Madison, Wisconsin,
USA) weighing between 200 and 250 grams were used. The rats
were anesthetized with pentobarbital (45 mg/kg, i.p., Harvey
Laboratories, Inc., Philadelphia, Pennsylvania, USA) and were
placed on a heated operating table. The abdomen was opened
and sufficient branches of the left renal artery ligated to produce
infarction of two—thirds of that kidney. The right kidney was
then removed so that these rats had one—sixth of their normal
renal mass remaining. Group 2 (aortic ligature modification of
2K1C model) consisted of eight male Holtzman rats weighing
200 to 250 grams. The rats were anesthetized with pentobarbital
(45 mg/kg, i.p.), and through an abdominal incision the aorta
was ligated between the origins of the two renal arteries using a
length of 1-0 silk suture. The color of the right (proximal) kidney
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was observed to ensure that it remained pink, signifying no
interference with its blood supply. Group 3 (DOC-saline model)
consisted of eight male Holtzman rats weighing between 200
and 250 grams. These rats were anesthetized with sodium
methohexital (50 mg/kg, i.p., Eli Lilly & Co., Indianapolis,
Indiana, USA), the right kidney removed through a flank
incision, and a silicone rubber implant impregnated with DOC
acetate (200 mg/kg, Sigma Chemical Co., St. Louis, Missouri,
USA) placed subcutaneously in the flank [6]. These rats were
placed on drinking water containing 0.9% sodium chloride and
0.49% potassium chloride for the entire experimental period.
Group 4 (stroke—prone variant of SHR) was made of eight male
stroke—prone spontaneously hypertensive rats bred from stock
supplied by Dr. Carl Hansen (National Heart, Lung and Blood
Institute). The stroke—prone rat [7] was developed from the
Okamoto—Aoki strain of spontaneously hypertensive rat [8] and
develops hypertension at an early age and achieves very high
pressures. The rats were entered into the study when their
pressures exceeded 150 mm Hg, which usually took place at the
age of eight to ten weeks, The rats in all groups were allowed
free access to normal rat chow (RMH 1000, Agway, Waverly,
New York, USA) and tap water, with the exception of Group 3
rats which received the special drinking water described above.
Baseline systolic blood pressures were determined using an
occluding tailcuff connected to a pressure transducer and
physiograph recorder (Narco Biosystems, Houston, Texas,
USA). Thereafter tailcuff blood pressures were recorded twice
weekly except for animals in Group 2 (aortic ligature), in which
direct blood pressure recordings were made from the carotid
artery at the time of killing.
Rats in Groups 1 and 2 were killed 4 weeks after the operative
procedure, that is, after 3 to 4 weeks of hypertension. Extensive
experience in our laboratory with these two models in the
Holtzman strain of rat has shown that systolic pressures of
approximately 150 mm Hg are attained after several days. Rats
in Groups 3 and 4 were killed eight weeks after the operative
procedure in the case of those with DOC—saline hypertension,
and eight weeks after the blood pressure exceeded 150 mm Hg
in the case of the SHRs. Hypertension develops more irregu-
larly in these two models so that an eight week period was
deemed more appropriate than the shorter interval with the first
two groups. At the time of killing all rats were anesthetized with
pentobarbital (45 rug/kg, i.p.). For rats in Group 2 the carotid
artery was cannulated with a PE 50 catheter which was con-
nected to a Statham pressure transducer (Statham Instruments
Division, Gould, Inc., Oxnard, California, USA). Arterial pres-
sures were recorded with a Gould 2200 physiograph (Gould,
Inc., Instruments Division, Cleveland, Ohio, USA). For all
groups, the kidney(s) were perfused in a retrograde fashion
through the abdominal aorta using either 1.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4), or 10% buffered formalin.
Coronal slices of kidney were embedded in either paraffin or
glycol methacrylate and three micron sections were cut for light
microscopic examination. These sections were stained with
hematoxylin and eosin (H&E), periodic acid—Schiff (PAS), or
methenamine silver counterstained with PAS (MS).
Two of the authors examined the kidney sections for both
glomerular and vascular injury. The glomeruli were evaluated
first in their entirety, that is, all that were present in the section,
and second on the basis of their location in the superficial and
Fig. 1. Light micrograph of a glomerulus with score of I demonstrating
small segmental adhesion with hyalinosis lesion and patchy mild
mesangial matrix increase (X350, MS).
juxtamedullary areas of the cortex. The first two rows of
glomeruli under the capsule were considered as superficial
while the two rows of glomeruli adjacent to the outer stripe of
the outer zone of the medulla were regarded as juxtamedullary.
Each glomerulus examined was assigned a score of 0 to 3
depending on the degree of injury present. A score of 0 denoted
a normal glomerulus. Slight glomerular damage, given a score
of 1, included a range of abnormalities from mild increase in
mesangial matrix to segmental mesangial sclerosis and/or
hyalinosis with focal adhesions, involving less than 25% of the
glomerulus (Fig. 1). Moderate glomerular damage, indicated by
a score of 2, consisted of mesangial sclerosis and/or hyalinosis
involving up to 75% of the glomerulus (Fig. 2). Severe glomer-
ular injury, given a score of 3, was characterized by increase in
mesangial matrix and/or hyalinosis, often with widespread
adhesions, involving 75 to 100% of the tuft (Fig. 3). Mesangi-
olysis, scattered fibrinoid changes, and microaneurysms were
also occasionally seen in the most severely damaged glomeruli.
A glomerular damage index (GDI) was calculated for all
glomeruli and for the superficial and deep glomeruli in each rat
in the following fashion. The number of glomeruli with a score
of one was multiplied by I, the number with a score of two by
2, and the number with a score of three by 3. These were
summed and divided by the number of glomemli assessed,
including those with a score of zero. Significant individual
differences in the assessments of the two examiners were
resolved by examining the slides together.
Fibrinoid vascular injury (Fig. 4) was assessed by assigning a
score of 0 to 3 to each rat. This score was based on both the
severity and the extent of fibrinoid necrosis—characterized by
insudation of eosinophilic material into the vessel wall—in all
vessels in a tissue section; these included afferent arterioles,
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Fig. 2. Light micrograph of glomerulus with score of 2 showing Fig. 4. Light micrograph of arteriole with fibrinoid necrosis, destruction
solid(fication with hyalinosis lesions involving approximately 60% of of media with hemorrhage and adventitial cellular reaction (x825, MS).
tuft. Moderate increase of mesangial matrix is present (x380, MS).
and 2, and between Groups 3 and 4. Student's t test was used to
assess differences between the overall, superficial and juxtamed-
ullary GDIs, the levels of blood pressure and the degree of
vascular injury. The same test was used to determine differ-
ences between the superficial and juxtamedullary GDIs within
each group.
Results
Systolic blood pressures for Groups I and 2, the groups with
3 to 4 weeks hypertension, are shown in Table 1. For Group 1,
the pressure (193 7 mm Hg) represents the average for the last
two weeks of the study, while for Group 2 the pressure
recorded (200 6 mm Hg) is the systolic pressure taken
through a cannula in the carotid artery prior to killing. There is
no significant difference between the two groups. Systolic
pressures for Groups 3 and 4 rose during the first four weeks of
the study period, but were constant over the last four weeks.
Table 2 records the average pressures over the last 2 weeks
(Group 3, 190 6 mm Hg vs. Group 4, 208 6 mm Hg), and
there is no significant difference between the two groups.
Arterial and arteriolar changes were prominent in all four
groups and conformed to the description given in the section on
Methods. The degree of vascular damage is recorded in Tables
FIg. 3. Light micrograph of glomerulus with score of 3 illustrating total 1 and 2: When Groups 1 and 2 are compared (Table 1), there is
involvement of glomerulus with hyalinosis lesions, mesangiolysis and no significant difference (1.94 0.31 for Group 1 vs. 2.00 0.25
extensive adhesion formation (x285, MS). for Group 2). Similarly, Table 2 reveals that there are no
significant differences between Groups 3 and 4 (1.50 0.21 vs.
2.19 0.27).
interlobular arteries, and larger arteries. Some of the animals The morphological alterations present in the glomeruli were
given a score of 2 or 3 also showed proliferation of medial cells qualitatively similar in all four groups, and these changes were
and an adventitial reaction made up of fibroblasts and occa- described in the section entitled Methods. The glomerular
sional inflammatory cells. damage indices for Groups 1 and 2 are compared in Table 1.
Comparisons of the findings were made between Groups 1 These are significantly greater in Group 1 regardless of whether
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Table 1. Systolic blood pressure, vascular injury, and glomerular damage for Groups 1 and 2.
Overall Superficial Juxtamedullary
Group Systolic blood Vascular glomerular glomerular glomerular
(number pressure, damage damage index damage index damage index
of rats) mm Hg SEM score SEM (OGDI) SCM (SGDI) SCM (JGDI) SCM
P value
(SGDI
& JGDI)
1(8) 193 7 1.94 0.31 0.420 0.064 0.250 0.071 0.455 0.071
2 (8) 200 6 2.00 0.25 0.062 0.019 0.035 0.007 0.155 0.036
1 vs. 2 NS NS Pc 0.0001 Pc 0.0089 Pc 0.002
NS
<0.005
Abbreviation is NS, not significant.
Table 2. Systolic blood pressure, vascular injury, and glomerular damage for Groups 3 and 4.
Overall Superficial Juxtamedullary
Group Systolic blood Vascular glomerular glomerular glomerular
(number pressure, damage damage index damage index damage index
of rats) mm Hg SEM score SCM (OGDI) SCM (SGDI) SCM (JGDI) SCM
P value
(SGDI
& JGDI)
3 (8) 190 6 1.50 0.21 0.301 .065 0.289 0.096 0.394 0.083
4 (8) 208 6 2.19 0.27 0.128 .023 0.072 0.015 0.307 0.062
3vs.4 NS NS P<0.025 P<0.044 NS
NS
<0,002
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Fig. 5. Glomerular damage index of individual rats with renal ablation
(Group 1) and aortic ligature (Group 2) for each zone of cortex.
the overall GD! (0.420 0.064 vs. 0.062 0.019, P < 0.0001),
superficial GD! (0.250 0.071 vs. 0.035 0.007, P < 0.0089),
orjuxtamedullary GD! (0.455 0.071 vs. 0.155 0.036, P C
0.002) is compared. The glomerular damage indices for individ-
ual rats in Groups 1 and 2 are plotted in Figure 5. The higher
values for Group 1 at all cortical levels are convincingly
demonstrated. When comparison is made between the superfi-
cial and juxtamedullary GDIs within the groups (Table 1), there
is no significant difference in Group 1 (0.250 0.071 vs. 0.455
0.071, NS) although values for deeper glomeruli are greater,
but in Group 2 there is a highly significant difference (0.035
0.007 vs. 0.155 0.036, P C 0.005), with the juxtamedullary
glomeruli being predominantly damaged. This is well brought
out in Figure 5, where data for individual rats are plotted.
Juxtamedullary Superficial Juxtamedullary Superficial
glomeruli glomeruli glomeruli glomeruli
Renal ablation Aortic ligature
Groupl Group2
Fig. 6. Comparison of glomerular damage index in juxtamedullary and
superficial glomeruli in each rat in Group I and Group 2.
Figure 6 further emphasizes the greater involvement of the
juxtamedullary compared with the superficial glomeruli. In this
figure the actual GDIs for each of the two zones are plotted for
each rat and connected by a straight line. These plots confirm
the statistical interpretation in that the lines representing indi-
vidual rats in Group 1 cross one another in different directions,
indicating the lack of a consistent pattern of damage. In contrast
the lines for Group 2 show a falling slope for each rat,
demonstrating greater injury in the juxtamedullary glomeruli.
Glomerular damage indices for Groups 3 and 4 are compared
in a similar fashion in Table 2, Figures 7 and 8. Table 2 reveals
that the GDIs for Group 3 are significantly greater for the
overall category (0.301 0.065 vs. 0.128 0.023, P c 0.025)
and for superficial glomeruli (0.289 0.096 vs. 0.072 0.015, P
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< 0.044), but not for the juxtamedullary glomeruli (0.394
0.083 vs. 0.307 0.062, NS). Data for individual rats are
provided in Figure 7 to show the range of values. Comparison of
superficial and juxtamedullary GDIs within Groups 3 and 4
(Table 2, Fig. 7) shows that there is no significant difference in
Group 3 (0.289 0.096 vs. 0.394 0.083, NS), but that the
superficial glomeruli are significantly less severely injured than
those in the juxtamedullary zone (0.072 0.015 vs. 0.307
0.062, P < 0.002) in Group 4. Of note is the wide scatter of
Table 3. Summary of glomerular hemodynamics in the
four models used.
Model
Group in
present
study SNGFR P QA RA References
Renal ablation 1 t t t , , [21
2K1C
(non-clipped
kidney) 2 1' 1' NS or t [17, 18]
DOC—saline
(compared to
one kidney
control) 3 NS NS NS [32]
DOC—saline
(compared to
two kidney
control) 3 , [32, 331
SHR 4 NS NS NS or [35—38]
Abbreviations are: SNGFR, single nephron glomerular filtration rate;
P, transcapillary hydraulic pressure difference; QA, initial capillary
plasma flow rate; RA, afferent arteriolar resistance; NS, not significantly
altered. Each arrow represents a range up to 50% change in experimen-
tal as compared to control value in the cited study: t , 0 to 50%;
50 to 100%; 1, 101 to 150%.
values, especially in the case of the superficial GDIs for Group
3, two rats in particular showing extremely high values. Figure
8 brings out the universally higher GDIs in the juxtamedullary
glomeruli compared to those superficially placed for rats in
Group 4, whereas the lines joining the GDIs for superficial and
juxtamedullary glomeruli in Group 3 fail to show a constant
direction.
Discussion
The present study was carried out to determine how the
severity and distribution of glomerular injury in four models of
experimental hypertension were related to the recently accu-
mulated data on glomerular hemodynamics. It would have been
Group 4.
The renal ablation model is attended by glomerular injury [2,
4, 5, 9—12], which in the case of /6 reduction of renal mass is
severe and associated with hypertensive vascular changes [11].
Studies in the Munich Wistar rat summarized in Table 3 have
shown that there is increased pressure and flow in the glomer-
ular capillaries with decreased resistance proximal to the
glomerulus. The aortic ligature model [13—15] is a modification
of the 2K1C model [1] with hypertension being produced by
activation of the renin—angiotensin system [15]. The kidney
proximal to the ligature is exposed to the raised blood pressure
in the same way as the unclipped kidney in the original 2K1C
model and suffers glomerular and arterial damage [I]. The distal
kidney, like the clipped kidney in the conventional model,
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hypertension (Group 3) and stroke—prone SHR (Group 4) for each zone
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highly desirable to compare the four models with each other,
but as pointed out earlier, the different rates at which the blood
pressure increases precluded this. As a compromise, compari-
sons were made between Groups 1 (renal ablation) and 2 (aortic
ligature modification of 2K1C model) and between Groups 3
(DOC—saline) and 4 (stroke—prone variant of the SHR). In order
Superficial to minimize the possible effects of strain differences in suscep-
glomeruli tibility to glomerular injury, all the rats used in the experiment
were of the Holtzman strain with the exception of those inSPSHR
Group 4
Fig. 8. Gomparison of glomeralar damage index in jzsxtamedullary and
superficial glomeruli of each rat in Group 3 and Group 4.
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shows varying degrees of tubular atrophy but no glomerular and
arterial injury. We chose to use this model since compared with
the classical 2KIC model there is an earlier onset of severe
hypertension, and systolic pressures of the order of 200 mm Hg
are obtained with greater regularity [15, 16]. Several studies on
glomerular hemodynamics have been performed in the non-
clipped kidney in the 2K1C model with moderate to severe
degrees of hypertension [17, 18]. As summarized in Table 3
there was slight elevation of the single nephron glomerular
filtration rate (SNGFR), transcapillary hydraulic pressure dif-
ference (AP) and initial capillary plasma flow rate (QA) with an
increase in afferent arteriolar resistance. Increased vascular
resistance in the non-clipped kidney was also apparent from
whole kidney studies [19—21], and as shown by micropuncture
studies could be entirely attributed to the increase in afferent
arteriolar resistance as efferent arteriolar resistance was either
decreased [18] or not significantly changed [17].
Comparison of Groups 1 and 2 revealed no significant differ-
ences between the two with regard to level of blood pressure
and the degree of arteriolar and arterial damage. Vascular injury
was extensive and of comparable degree in both groups, indic-
ative of the severity of the hypertension to which the kidneys in
both groups were subjected. Glomerular changes were signifi-
cantly more extensive in Group 1 and this was true whether the
overall, superficial or juxtamedullary GDIs were compared.
The single most important difference between the glomerular
hemodynamics of the two groups—as measured in the superfi-
cial glomeruli—lies in arteriolar resistance proximal to the
glomerulus. It is decreased in Group 1 and increased in Group
2. In Group 1 the glomeruli are thus exposed to the increased
pressure whereas protection is afforded by the proximal vaso-
constriction in Group 2. Further support for this contention
comes from several sources. First is the ancient demonstration
by Wilson and Byrom [1] of the immunity of both glomeruli and
blood vessels from injury in the clipped kidney in the 2K1C
model of hypertension. Second is the experiment of Byrom [22j
in which removal of the silver clip from the renal artery in the
chronic 2K1C model led to glomerular injury in the once—
clipped kidney. The explanation given was that the involuted
arteries and arterioles were unable to adjust to the new condi-
tions of pressure and flow to which they were suddenly ex-
posed, and were therefore unable to protect the glomeruli.
Third is the study carried out by Hill [23] in this laboratory in
which the kidney of the rat was subjected to repeated short
duration, high pressure intra-arterial injections of saline. It was
found that administration of aminophylline (theophylline
ethylenediamine, which causes relaxation of the vasculature
proximal to the glomeruli) greatly increased the severity of
glomerular injury following saline injections compared with rats
receiving saline injections alone. Fourth, the study of Azar et al
[24] in "post—salt" hypertension revealed a predominance of
glomerular over arteriolar damage. This was attributed to the
decrease in arteriolar resistance present in this model, thus
exposing the glomeruli to increased pressures and flow.
Whereas there were no significant differences between the
superficial and juxtamedullary GDIs within Group 1, a feature
we have commented on elsewhere [11], there was a significant
difference between these two populations of glomeruli within
Group 2, with those in the juxtamedullary zone showing more
injury than those placed superficially. There is little information
available comparing the hemodynamics of the glomeruli at
different levels of the cortex to help to explain why the
juxtamedullary glomeruli are predominantly damaged in Group
2 and not in Group 1. In the normal rat it has been shown that
the SNGFR is greater in the juxtamedullary glomeruli than in
the superficial ones [25, 26]. In the renal ablation model in the
rat, this pattern is preserved with the juxtamedullary and
superficial glomeruli showing comparable elevations in SNGFR
[27, 28]. This failure to show a preferential increase in SNGFR
at one or the other level is paralleled in the present experiment
in which glomerular damage is comparable at the two levels in
Group 1. In studies comparing the SNGFR of the two popula-
tions of glomeruli in the 2K1C model, the results are in conflict
[29, 30]. On the one hand [29], it was shown in the non-clipped
kidney that the SNGFR increased in both superficial and deep
glomeruli when measured between 19 to 69 days, with a slightly
greater increase in those located superficially. In contrast [30],
in the non-clipped kidney four to five weeks after clipping
(comparable in time to our study), SNGFR was unchanged in
the superficial glomeruli, but increased almost twofold in the
juxtamedullary region. We can, therefore, only speculate that
the greater degree of injury in the juxtamedullary glomeruli in
Group 2 is in some way related to a breakdown in the control of
blood flow to these glomeruli in the face of high blood pressure.
This is supported by the observation that blood flow to the
medulla was increased, whereas that to the cortex was not, in
the unclamped kidney in the 2K1C model [311.
The models compared in the second part of the study were
DOC—saline hypertension (Group 3) and the stroke—prone vari-
ant in the SHR (Group 4). In DOC—saline hypertension it was
found (Table 3) that AP was slightly increased, but that no other
significant differences were present when comparisons were
made with control animals in which one kidney was removed
but in which DOC and saline were withheld [321. It will be
appreciated that these controls had elevated SNGFR, AP and
QA, and decreased afferent arteriolar resistance, when com-
pared with rats with two intact kidneys. Therefore, when these
values for DOC—saline hypertension rats are compared with
those obtained in the same laboratory for rats with two kidneys
[33], it becomes apparent that the pattern of change is similar to
that in the renal ablation model (Table 3). Whole kidney GFR
has also been found to be increased in rats with one kidney
removed and treated with DOC—saline compared with rats with
one kidney removed but not subjected to the DOC—saline
regimen [34]. The model making up Group 4 is the stroke—prone
variant of the SHR in which the blood pressure starts rising at
an early age and reaches very high levels; glomerular, arterial
and arteriolar injury follows the rise in pressure. Glomerular
hemodynamic studies carried out in the Okamoto—Aoki strain
of SHR demonstrated only significantly elevated afferent arte-
riolar resistance [35—38] (Table 3). Comparisons in all cases
were made with normotensive Wistar—Kyoto rats. Increased
renal vascular resistance with decreased diameter of the af-
ferent arteriole has also been demonstrated in the SHR by the
use of microspheres [39, 40]. In summary, the differences
between the two groups as measured in superficial glomeruli are
increased SNGFR, AP, and QA, with decreased afferent arteri-
olar resistance (when comparison is made with kidneys from
rats with two kidneys and normal blood pressure) in Group 3,
whereas in Group 4 the only significantly changed measurement
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from controls with normal blood pressure is the afferent arteri-
olar resistance which is increased.
Comparison of the findings in Groups 3 and 4 revealed that
the degree and duration of hypertension were comparable as
was arterial and arteriolar injury. Group 3 showed significantly
greater overall and superficial glomerular injury than Group 4,
and although juxtamedullary damage was greater, the difference
was not significant.
The degree of glomerular damage in animals of Group 3 was
not unexpected. Previous studies carried out in this laboratory
showed that severe glomerular and vascular lesions were pres-
ent in the remaining kidney of rats subjected to unilateral
nephrectomy followed by an eight week course of DOC plus
saline [41], and less severe, but significant degrees of injury
have been produced in three to four weeks using the same
regimen [32, 421. As Dworkin et al [32] have suggested, elevated
glomerular plasma flow and pressure provide a propitious
setting for glomerular injury. Of note in their study was the
finding that substitution of a low protein diet in their one—kidney
DOC—saline model resulted in a decrease in the extent of
glomerular injury. The effect of the low protein diet was to
reduce whole kidney and single nephron GFR, considered to be
the result of reduction in QA and P, emphasizing the critical
role of elevation of these last two factors. It should be noted,
however, that a study using microspheres to assess afferent
arteriolar diameter in rats made hypertensive by DOC—saline
following removal of one kidney revealed smaller diameters
than in controls [43]. The controls were rats with either both
kidneys intact or one kidney removed, and not subjected to the
DOC—saline regimen. The interpretation was that the afferent
arteriole was constricted to increase preglomerular resistance
and control the glomerular perfusion pressure. Since the
DOC—saline rats were subjected to steroid treatment for 53 to
211 days (mean 111 days) it is highly likely that organic arterial
and arteriolar changes had taken place, which would place the
interpretation of the findings in some doubt. Similarly, the
increased vascular resistance in isolated, perfused kidneys in
rats receiving DOC—saline with one kidney excised [44] may
well have been related to the development of vascular changes
since the rats were studied eight weeks after starting steroid
administration.
There is very little written about the renal morphology in the
stroke—prone variant of the SHR particularly with regard to
glomerular changes. Using the conventional Okamoto—Aoki
SHR, Feld et al [45] have shown that glomerular sclerosis
occurs and is restricted to the juxtamedullary glomeruli. The
rats in Group 4 showed qualitatively the same glomerular
changes as in the other three groups. Compared with Group 3,
the changes in the superficial and central parts of the cortex
were far fewer and completely consistent with the view that
these glomeruli are protected by constriction of the afferent
arteriole, with glomerular flow and pressure little changed. It
should be added that there is almost complete uniformity of
opinion on the ability of the kidney in the SHR to autoregulate
glomerular perfusion over a wide range of blood pressures, thus
serving to protect the glomeruli [40, 46—48]. DiBona and Rios
[38] demonstrated a fall in SNGFR and glomerular blood flow
with no change in afferent arteriolar resistance when blood
pressure was lowered by aortic constriction. Although this may
be deemed a failure of autoregulation, those conditions were
preserved that would protect the glomerulus from injury. In
contrast to the situation in the SHR it has been shown that there
is impairment of autoregulation in the DOC—saline (Group 3)
model [49].
The situation in the juxtamedullary glomeruli with regard to
injury, however, is quite different in the two groups. Whereas in
Group 3 the juxtamedullary glomeruli showed no greater degree
of injury when compared with glomeruli at other levels, the
deeper glomeruli in Group 4 showed morphologic damage
which was significantly greater than that in the more superficial
zones and which was comparable to that found in Group 3. We
have been unable to identify studies comparing the hemody-
namics of superficial with juxtamedullary glomeruli in the
DOC—saline model and have found only two in the SHR. Using
the '4C ferrocyanide infusion technique in the SHR, it was
shown that the SNGFR was greater in the juxtamedullary
glomeruli than in the superficial ones [50]. Since the ratio of
superficial/juxtamedullary SNGFR was little different from the
ratios recorded in rats of other strains with normal blood
pressure [25, 26], it appears from this study that there is no
preferential increase in juxtamedullary SNGFR in the SHR.
However, Bank et al [37] found that the SNGFR of juxtamed-
ullary glomeruli was 50% higher in SHR with one kidney
removed than in similarly located glomeruli in control
normotensive Wistar—Kyoto rats with one kidney removed.
This was in contrast to the findings in the superficial glomeruli,
where the SNGFR and QA were lower in the SHR with one
kidney removed than in similarly treated normotensive
Wistar—Kyoto controls; capillary pressure in the superficial
glomeruli was comparable in both types of rat. The significance
of this reversal of pattern is not clear, but suggests that under
the conditions of the study the superficial glomeruli in the SHR
are not exposed to increased pressure and flow, whereas the
deep ones presumably are. For technical reasons, it was impos-
sible to compare the two levels of glomeruli in rats with both
kidneys intact. The necessary information to equate the greater
injury in the juxtamedullary glomeruli of the SHR with a
selective increase in their pressure and/or flow is therefore
lacking.
In conclusion, injury is more severe in those glomeruli
subjected to increased pressure and/or flow than in those with
preglomerular constriction. Preferential vulnerability of the
juxtamedullary glomeruli in Groups 2 and 4 suggests selective
alterations in their hemodynamics, but the functional evidence
to support this is incomplete and in several instances con-
flicting.
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